In the IoT/wearable devices, the antenna is shared with the receiver and transmitter of the transceiver. This requires the control of the switch between the antenna and the control circuitry to achieve both low insertion loss and high isolation. This paper presents a low insertion loss and high isolation switch based on Single Pole Double Throw (SPDT) switch for 2.4 GHz Bluetooth low power (BLE) transceiver. The body-floating technique is used to improve the insertion loss's performance. An ultra-small on-chip matching network with high Q-factor is proposed. The shunt transistors are used as active shunt capacitors that create the active matching network to improve isolation characteristics. The proposed SDPT switch was designed using 55 nm CMOS process with the total area of 110 µm × 210 µm. The insertion loss and isolation characteristics of the proposed SPDT switch observed at 2.4 GHz are 1.85 dB and 40 dB, respectively.
Bluetooth is the standard communication idea for the sensor system [7] [8] [9] [10] . Bluetooth Low Energy (BLE) plays an important role in achieving lower cost, lower power, and compact size.
The transmitter/receiver (Tx/Rx) of BLE requires antennas for communication. One antenna is shared between the Tx and Rx for reducing the size of the system, as shown in Figure 1 . The key component that realizes this system is the radio frequency (RF) switch called the Single Pole Double Throw (SPDT) switch [5] [6] [7] [8] [9] . The SPDT switch connects the transmit path or the receive path to the antenna in the Tx or Rx mode, respectively, while disconnecting the other path. This approach requires low insertion loss and high isolation to be achieved at the same time. The BLE applied to IoT/wearable devices is also required to have a compact size. Thus, integrating the full transceiver including the SPDT switch and its matching network into a single die is the best solution. Fully on-chip integration also improves the impedance discontinuity problem [11] when combining on-chip and off-chip components in the communication system. In another aspect, the Bluetooth standard is known as a cost-effective solution for communication. Therefore, the implement of the BLE should be based on the standard Complementary Metal-Oxide-Semiconductor (CMOS) process, which is commonly used for a low-cost solution. Several approaches have been proposed and the implemented SPDT switch has high performance for the transceiver system [12] [13] [14] [15] [16] . Most radio-frequency (RF) SPDT switches use the Gallium Arsenide (GaAs) process to implement the circuit because of the high on-state resistance and low off-state capacitance of the GaAs transistor. The work presented in [17] implemented SPDT switch by adopting High-Electron-Mobility Transistors (HEMTs) and thick anodized aluminum (Al2O3) layers that directly were mounted on an aluminum substrate for high electrical isolation. The SPDT switch presented in this article obtains the good insertion loss and return loss at 1.3 dB and 23 dB, respectively. However, this approach targets the low-noise and high-power system because this process requires a high power supply to maintain the performance of the transistors. Therefore, this approach cannot be used for the BLE. Another technology commonly used for implementing the SPDT switch is the RF micro-electromechanical system (MEMS). The approach presented in [18] constructed SPDT switch using the power splitter and two pairs of capacitive MEMS shunt switches. This structure is implemented on a quartz substrate. The performance of insertion, isolation, and return loss at 20 GHz are 0.32, 31.2, and 25.3 dB, respectively, which is impressive. However, the size of the SPDT switch is relatively big (21 mm × 8 mm). The size of this techniques is expected to be bigger if it is scaled up to operate at 2.4 GHz resonant frequency of BLE. These two processes mentioned above are suitable for the off-chip level application because they are hard to be integrated in IoT/wearable devices and they require expensive techniques for implementation.
The approach presented in [19] is proposed for the on-chip level. The SPDT switch presented in this article is implemented using silicon-germanium (SiGe) BiCMOS process technology. The shunt-shunt topology is used in the structure of the SPDT switch in [19] . The performance of this SPDT switch is obtained based on the layout optimization and highly depends on the process' performance itself. However, the final insertion loss and isolation are 2.3 dB and 32 dB, respectively, which is under the expectation because the SiGe is a high-cost process. This is also difficult to integrate with traditional CMOS processes as the target of this research mentioned above. Several approaches have been proposed and the implemented SPDT switch has high performance for the transceiver system [12] [13] [14] [15] [16] . Most radio-frequency (RF) SPDT switches use the Gallium Arsenide (GaAs) process to implement the circuit because of the high on-state resistance and low off-state capacitance of the GaAs transistor. The work presented in [17] implemented SPDT switch by adopting High-Electron-Mobility Transistors (HEMTs) and thick anodized aluminum (Al 2 O 3 ) layers that directly were mounted on an aluminum substrate for high electrical isolation. The SPDT switch presented in this article obtains the good insertion loss and return loss at 1.3 dB and 23 dB, respectively. However, this approach targets the low-noise and high-power system because this process requires a high power supply to maintain the performance of the transistors. Therefore, this approach cannot be used for the BLE. Another technology commonly used for implementing the SPDT switch is the RF micro-electromechanical system (MEMS). The approach presented in [18] constructed SPDT switch using the power splitter and two pairs of capacitive MEMS shunt switches. This structure is implemented on a quartz substrate. The performance of insertion, isolation, and return loss at 20 GHz are 0.32, 31.2, and 25.3 dB, respectively, which is impressive. However, the size of the SPDT switch is relatively big (21 mm × 8 mm). The size of this techniques is expected to be bigger if it is scaled up to operate at 2.4 GHz resonant frequency of BLE. These two processes mentioned above are suitable for the off-chip level application because they are hard to be integrated in IoT/wearable devices and they require expensive techniques for implementation.
The approach presented in [19] is proposed for the on-chip level. The SPDT switch presented in this article is implemented using silicon-germanium (SiGe) BiCMOS process technology. The shunt-shunt topology is used in the structure of the SPDT switch in [19] . The performance of this SPDT switch is obtained based on the layout optimization and highly depends on the process' performance itself. However, the final insertion loss and isolation are 2.3 dB and 32 dB, respectively, which is under the expectation because the SiGe is a high-cost process. This is also difficult to integrate with traditional CMOS processes as the target of this research mentioned above.
When the transistor of the standard CMOS process is used as a main switch in the SPDT switch, the transistor input impedance drops when the input power increases. This is a major disadvantage of the standard CMOS. To solve this problem, the study presented in [20] proposes the floating body technique by connecting a 5 kΩ resistor to the body terminal of the transistor to maintain the minimum impedance when the input power increases. The technique provides an impressive result of insertion loss of 0.7 dB and isolation of 35 dB at 8 GHz. However, it requires the off-chip matching network. The matching network takes an important role in the structure of SPDT. It not only matches the impedance between two terminals for maximizing the power transferred but the power loss in the matching network also decides the efficiency of the transceiver system. The off-chip matching network will cause the impedance discontinuity problem and large size occupation, and requires long connection line to the SPDT switch core. Therefore, the off-chip matching network reduces the overall effectiveness of the SPDT switch dramatically.
This paper proposes a fully on-chip SPDT switch design using a standard CMOS process for a low-cost BLE. The fully on-chip active matching network that connects two terminals of the SPDT switch to the receiver and transmitter circuits is proposed. The on-chip solenoid inductor structure is used to implement the matching network for reducing the total size of SPDT switch and eliminating the effect of magnetic flux generated from the on-chip inductor to the surrounding circuits. The body resistors of the main switch transistors have a great effect on the loss when power is transferred through the transistor channel. Therefore, in this study, the effects of the parasitic resistors at the body of the switch transistor are discussed and the body floating technique is used to improve the insertion loss performance. This SPDT switch structure is proposed to be adopted in the 55 nm CMOS process devices.
The rest of this paper is organized as follows. Section 2 presents the proposed architecture of the SPDT switch and its implementation. Section 3 shows the experimental results and discussions. Section 4 concludes the paper.
Circuits Implementation

SPDT Switch Circuit Design
The proposed SPDT switch structure is shown in Figure 2 . The two main switches are the most important components that decide the insertion loss characteristic of the SPDT. The two main switches consist of two serial transistors M1 and M3. Typically, the body of the transistor is connected to the source or the drain directly. When the power level is increased, the parasitic diode formed between the drain and the body is of the transistor is turned on. As a result, the power is transferred to the source as well as to the body through the parasitic diode, increasing the insertion-loss of the transistor [20] . To reduce the power loss through the parasitic body diode, a large resistor is connected to the body terminal of the two main-switch-transistor. When the switch is turned on, it works as a resistor and dissipates power. By increasing the size of the transistor, the turn-on resistance is reduced, creating an increment of the parasitic capacitance that commonly causes several side effects. Therefore, the sizes of the transistors should be optimized to achieve the trade-off between the turn-on resistor and the parasitic capacitance that affect the power loss and isolation characteristics of the SPDT switch. The detailed size of the main switch transistors is specified in Table 1 . In the RF system, the impedance mismatch is a critical problem, especially in the SPDT switch design. A matching network not only improves the power transfer through the SPDT switch when it is enabled but also limits the power through SPDT switch when it is disabled. Therefore, this research proposes the concept of an active matching network. The two types of components that are mostly used in a matching network are capacitor and inductor. To implement the concept of an active matching network, the value of the components of the matching network need to be controllable. The inductor is always a big component in all systems, thus making controllability costly and area consuming. On the other hand, the capacitor is always cheaper. The value controllable capacitor is easily obtained using a passive capacitor or an active MOSFET device capacitor. Therefore, in the proposed SPDT switch, the active matching network is implemented using the shunt transistors M2 and M4 as a shunt capacitor when they are turned off. When the transceiver operates in Tx mode, the transistor M1 is turned on and acts as a resistor while the transistor M2 is turned off and plays the role of a capacitor to increase isolation. In Tx mode, the input impedance of M1 side must be matched with the output impedance of the Power Amplifier (PA). The inductor L1 is used to form the matching network for the Tx path. A similar concept is In the RF system, the impedance mismatch is a critical problem, especially in the SPDT switch design. A matching network not only improves the power transfer through the SPDT switch when it is enabled but also limits the power through SPDT switch when it is disabled. Therefore, this research proposes the concept of an active matching network. The two types of components that are mostly used in a matching network are capacitor and inductor. To implement the concept of an active matching network, the value of the components of the matching network need to be controllable. The inductor is always a big component in all systems, thus making controllability costly and area consuming. On the other hand, the capacitor is always cheaper. The value controllable capacitor is easily obtained using a passive capacitor or an active MOSFET device capacitor. Therefore, in the proposed SPDT switch, the active matching network is implemented using the shunt transistors M2 and M4 as a shunt capacitor when they are turned off. When the transceiver operates in Tx mode, the transistor M1 is turned on and acts as a resistor while the transistor M2 is turned off and plays the role of a capacitor to increase isolation. In Tx mode, the input impedance of M1 side must be matched with the output impedance of the Power Amplifier (PA). The inductor L1 is used to form the matching network for the Tx path. A similar concept is applied for M4 and L2 in the Rx path. In Rx mode, the input impedance of M4 side is matched with input impedance of the Low-Noise Amplifier (LNA) by the inductor L2. Based on this concept, the active matching network can be obtained with a cheap and compact size solution. For the on-chip integration purpose, the matching network must be extremely small. Solenoid structure inductor, explained in next section, is used to create L1 and L2. To match the terminals' impedance of the SPDT switch with the input impedance of the LNA and output impedance of the PA, the value of L1 and L2 are designed to be 1.1 nH and 9.9 nH, respectively.
Solenoid Inductor Design
The traditional on-chip inductance has the spiral structure formed by the on-chip metal in a signal layer. The magnetic flux of the spiral has the vertical direction. The magnetic flux line points to the silicon substrate of the chip or other metal layers in the area wherein the spiral inductor is located. It is very difficult to isolate and protect the other components from the effect of the magnetic flux. Therefore, other components of the circuit are not allowed to be placed around the conventional spiral inductor. The size of the spiral inductor is fixed for a wide range inductance value. To increase the inductance value of the inductor within a specific range, the number of metal wire turns is increased into the internal of spiral inductor. That is the reason for large area consumption when using spiral structure. This research proposes to use the solenoid inductor structure formed by two stacked metal layers on the chip, as shown in Figure 3 . The magnetic flux is formed in the concentric rectangle of the solenoid structure. The magnetic flux line of the solenoid has horizontal direction, thus can be isolated by the via barrier cover around the solenoid inductance structure. The size of solenoid structure depends on the inductance value, thus is flexible for design size optimization.
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Results and Discussion
The dimensional parameter of the solenoid is optimized in HFSS to get the exact value before implemented in the circuit layout. The material and process information of the CMOS 55 nm process are considered when designing the solenoid inductor. Figure 6 shows the layout of the proposed SPDT switch. Four solenoid unit cells are combined to create an eight-turn inductor (L1 = 1.1 nH) for the matching network of the Tx side. Eighteen solenoid unit cells are combined to create the 36-turn inductor (L2 = 9.9 nH) for the matching network of the Rx side. The metal rings formed by metal 2 to metal 6 are combined with VIAs to create the barrier for isolating the electromagnetic flux. The area of the SPDT switch is 110 μm × 210 μm. By considering only inductances, layout size is reduced by six times compared to that of the traditional on-chip spiral inductor with the same value [22] . The rectangular shape of the solenoid inductor is easier to place with another component than the octagon shape of the traditional spiral inductor. The S-parameter of the two solenoid inductor structures (L1 and L2) are extracted by the 3D-field solver HFSS (frequency range up to 5 GHz; resolution step 1 MHz) and applied to the simulation of the SPDT switch. All the layout parasitics are extracted and applied to post-layout simulation process. The Monte Carlo analysis is applied to validate the process variation and temperature variation during the post-layout simulation. The temperature deviation is from −35 to 
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The overall performance of the proposed SPDT switch is compared with the previous works in Table 2 . Among the SPDT switch designs compared in Table 1 , only two works implemented the SPDT switch using a normal CMOS process which is the SPDT switch proposed in this paper and the structure presented in [20] . Compared to [20] , the insertion loss of the proposed SPDT switch is slightly higher but the isolation characteristic is significantly better compared to the approach presented in [19] . The SPDT switch proposed in this paper has better performance and a smaller size while it only requires normal CMOS process to implement the circuit. As mentioned above, the matching network plays a very important role in the performance of SPDT switch. The solenoid inductor used in the matching network slightly reduces the insertion loss performance by 0.75 dB as compared to [20] . In return, the die space is reduced by six times when compared to using the traditional spiral inductor. The isolation performance is also improved significantly. When compared with all others previous work, the proposed SPDT switch has the highest isolation factor at 40.56 dB. 
Conclusions
This paper presents a low insertion loss, high isolation and extreme compact SPDT switch design for an on-chip 2.4 GHz Bluetooth Low-Energy transceiver. At the operating frequency of 2.4 GHz, in typical simulation condition, the switch achieved −0.96 dB and −1.85 dB insertion loss, and −40.56 dB and −44.4 dB isolation of the Tx and Rx modes, respectively. By considering the process and temperature variations on the post-layout simulation, in the worst case, the insertion loss is There is a trade-off between the die size and the performance of the switch. Compared to the SPDT switch with the spiral inductor, performance is slightly degraded but can be negligible when considering the benefit of the ultra-small area of the switch. Besides the insertion loss and isolation, the reflection loss (S22) also maintains below −11 dB over the wide frequency range for both the Rx and Tx mode.
This paper presents a low insertion loss, high isolation and extreme compact SPDT switch design for an on-chip 2.4 GHz Bluetooth Low-Energy transceiver. At the operating frequency of 2.4 GHz, in typical simulation condition, the switch achieved −0.96 dB and −1.85 dB insertion loss, and −40.56 dB and −44.4 dB isolation of the Tx and Rx modes, respectively. By considering the process and temperature variations on the post-layout simulation, in the worst case, the insertion loss is maintained at −1.95 dB and isolation is maintained at −39.1 dB. The isolation factor is achieved by adopting the proposed active matching network. The low insertion loss is obtained by using the body floating techniques and switch transistor dimension optimization.
By using the on-chip solenoid inductor, the total size of the proposed SPDT switch including the matching network is much lower than in previous works while good performance is maintained. The isolation characteristic of this SPDT switch is even better than those of the previous works. The performance of the SPDT switch presented in this research article is obtained by the post-layout simulation with the consideration of the process and temperature variations by Monte Carlo method. The s-parameter of solenoid inductor design is extracted by the 3D field simulation and imported to cadence to do the post-layout simulation. The total size of this SPDT switch is 0.21 × 0.11 mm 2 . This SPDT switch is suitable for the transceiver system of IoT/wearable devices which require compact size and high-performance components. In the future, this proposed SDPT switch structure can be optimized to operate at different frequency ranges and applied to another transceiver system such as ZigBee and Wi-Fi to reduce the size and cost of these systems. Funding: This research received no external funding.
